The low-complexity domain (LCD) of the FUS protein forms concentration-dependent assemblies, including liquid droplets and fibril-based hydrogels. The molecular structures of FUS within different assemblies and their functional relevance are subjects of intense debate. Murray et al. report an atomic-level structural model for FUS LCD fibrils that answers some questions and raises new ones.
The low-complexity domain (LCD) of the FUS protein forms concentration-dependent assemblies, including liquid droplets and fibril-based hydrogels. The molecular structures of FUS within different assemblies and their functional relevance are subjects of intense debate. Murray et al. report an atomic-level structural model for FUS LCD fibrils that answers some questions and raises new ones.
There is growing interest in phase transitions that lead to the formation of membraneless bodies inside cells (Banani et al., 2017; Shin and Brangwynne, 2017) . These bodies, known as biomolecular condensates (Banani et al., 2017) or condensates for short (Shin and Brangwynne, 2017) , encompass multiple biomolecules, including proteins, RNA, and small solutes. Many, although not all, proteins within condensates have distinctive sequence architectures, including socalled low-complexity domains (LCDs). The FUS LCD, which is part of an RNA/ DNA binding protein, is a poster child for LCDs that drive the formation of specific membraneless condensates. The FUS LCD drives spontaneous, concentrationdependent phase transitions that lead to the formation of spherical liquid-like droplets at low micromolar concentrations and physically cross-linked hydrogels at millimolar concentrations (Kato et al., 2012; Kwon et al., 2013; Murakami et al., 2015; Patel et al., 2015) . In this issue of Cell, Murray et al. (2017) present a report from solid-state nuclear magnetic resonance (NMR) spectroscopy of their model for the structure of fibrils formed by the LCD of FUS. This model provides a highresolution view of how FUS LCD molecules are organized within their fibrillar state. The model has the potential to shape and stimulate the ongoing debate about FUS and how it functions within condensates.
Over 80% of residues in the 214-residue FUS LCD are Gly, Ser, Gln, or Tyr. At high protein concentrations, the LCD spontaneously forms long, unbundled fibrils with a characteristic cross-beta signature. Using NMR, Murray et al. (2017) identify the LCD residues that are associated with well-defined structure formation in the context of fibrils. Surprisingly, only 23% of the LCD residues are part of the structured core ( Figure 1 ). These residues are located within the N-terminal half of the LCD. The coreforming regions are interspersed by short, unstructured loops, and the C-terminal half (residues 113-214) is entirely disordered and unresolvable. Murray et al. (2017) support their structural findings using elegant segmental labeling strategies to dissect the detailed implications of their NMR spectra. The N-terminally labeled construct encompasses the structured residues that overlap with the full-length LCD, while the C-terminally labeled construct is essentially devoid of structural features.
While conventional amyloid fibrils are highly stable and generally resistant to chemical perturbants, the FUS LCD fibrils undergo depolymerization when exposed to detergents. When the amyloid cores of other fibril-forming systems are compared with the FUS LCD core, obvious differences emerge. Amyloid cores typically contain hydrophobic residues and an extensive network of intraand intermolecular backbone-hydrogen bonds. In contrast, there is a paucity of hydrophobic residues in the FUS LCD, and only 50% of the core residues participate in intramolecular hydrogen bonding, and this constitutes 12.5% of all LCD residues.
The model that emerges is unusual because it is a zigzagging one when compared to the cross-beta structures that have emerged from solid-state NMR analysis of other fibril-forming systems.
The beta strands are very short, and propagation along the fibril axis is perplexingly enabled by an irregular structural pattern. In this context, it is worth noting that the Eisenberg group recently proposed a structural framework for cross-beta interactions in low-complexity sequences. Short motifs, referred to as LARKs, are thought to provide sites for weak interactions (Hughes et al., 2017) with the specificity for structure emerging on the scale of fewer than 10 residues.
Of course, the molecular origins of liquid phase separation represent an ongoing point of contention. One school of thought posits that phase transitions of low-complexity domains are driven by interactions with specific folded structures, such as the cross-beta architecture. Alternative suggestions point to the importance of conformational fluctuations of intrinsically disordered regions as drivers of collective interactions, with specificity originating from patterns of amino acid motifs. Does the structural model resolve these controversies? While it would be tempting to respond in the affirmative, the model actually raises important and yet unanswered questions. It is worth reminding oneself that that the LCD is by no means the entire FUS protein. Roughly two-thirds of the FUS sequence lies outside its LCD. Furthermore, even within the LCD, 77% of the sequence lies outside the structured core reported by Murray et al. (2017) . This is true despite significant similarities in sequence repeats that are part of the core versus outside the core. So how do residues outside the core contribute to assembly and functions of the LCD? Do they influence the stability of the core? Do they facilitate the maintenance of the liquid state through their excluded volume? Do they regulate gelation or crosslinking of fibers? Murray et al. (2017) do explore the role of the FUS LCD core with respect to interactions in the hydrogel state. The LCD undergoes phosphorylation at 14 distinct sites both in and outside of the core-forming region, with phosphorylation being linked to the role of FUS in DNA the damage response. Through systematic mutagenesis, phosphorylation at distinct sites within the core is shown to reduce the driving force for liquid droplet formation and for binding of phosphorylated LCD to WT LCD hydrogels. In contrast, phosphorylation outside of the core has a muchless-pronounced effect. In agreement, Monahan et al. (2017) recently reported that complete phosphorylation inhibits phase separation of the LCD. However, the cognitive dissonance between the phase behavior of the LCD versus fulllength FUS becomes apparent given that full-length FUS undergoes phase separation even after full phosphorylation. This suggests that studies focused on the LCD alone might mask the biologically relevant modes of assembly and functions realized by full-length FUS. Lin et al. (2017) recently reported that phosphorylation of FUS disassembles liquid droplets. They interpreted their results to mean that the potency of phosphosites reflects their proximity to tyrosine residues . In support of this model, Lin et al. found that when five tyrosine residues from the core region are mutated to serine, this weakens (but does not eliminate) the ability of the LCD to enhance phase separation. However, an equivalent number of tyrosine to serine mutations in the C-terminal half also had an identical effect. These studies suggest that several questions remain with respect to determinants of phase separation. An unanswered question is if fibrils and the liquid-to-solid transition that link FUS with neurodegenerative diseases are truly pathological states or if fibrils formed by a fraction of residues within the LCD are the essence of the function of FUS (Murakami et al., 2015; Patel et al., 2015) . This question will not be answered by studies focused on the LCD alone, although the availability of a model for the zigzagging cross-beta structure of the FUS LCD fibrils might be a useful starting point. Hierarchical schematic, showing FUS low complexity domain fibrils imaged by transmission electron microscopy adapted from Murray et al. (2017) (top left), the FUS core structure with disordered N-and C-terminal regions (top right), and a higher-resolution residue-specific rendering of the core structure (bottom). The color legend describes the amino acid composition of different positions within the core. The core contains several disordered loops, with only a few short regions in possession of conventional crossbeta structure.
